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INTERIOR  BALLISTIC  EFFECTS  OF  CUN  EROSION 


Abstract 


The  primary  cause  of  loss  of  velocity  in  worn 
artillery  tubes  is  the  decrease  of  engraving  resistance 
in  the  early  stages  of  pro.iectile  motion.  Certain  re¬ 
sults  of  this  decrease  of  engraving  resistance,  which 
is  not  accounted  for  in  the  present  interior  ballistic 
tablet-,  are  of  interest  in  connec*  ion  with  problems  en¬ 
countered  in  ammunition  calibration,  rifling  design  ac  d 
related  interior  ballistic  problems. 

The  equations  which  serve  as  the  basis  of  the  present 
Interior  ballistic  tables  for  multi -perforated  powder  are 
modified  herein  to  account  for  arbitrary  engraving  res is t- 
anne  "patterns".  From  empirical  data, estimates  are  made 
of  the  engraving  resistance  patterns  for  a  particular 
type  of  weapon.  Using  these  patterns  arid  the  modified 
equations,  interior  ballistic  trajectories  are  computed  by 
numerical  integration  under  conditions  designed  to  in¬ 
vestigate  certain  effects  of  the  engraving  resistance  and 
its  interaction  with  other  interior  ballistic  variables. 

The  engraving  reeietano©  encountered  in  short  dis¬ 
tances  fros  the  start  W  projectile  travel  is  investigated 
with  respect  to  its  effect  on  muszle  velocity.  Informa¬ 
tion  relative  to  the  effect  of  seating  of  rotating  bands, 
at  various  positions  of  the  band,  is  deduced  from  the 
above  investigations.  Changes  of  calibration  of  ammunition 
as  a  result  of  differences  of  porder  quickness,  cartridge 


case  orirnp  and  shell  weight  are  computed  for  various  en¬ 
graving  resistance  patterns  which  are  intended  to  represent 
tubes  at  various  stages  of  wear.  In  particular,  the  lin¬ 
earity  of  these  changes  of  calibration  relative  to  a 
Treasure  of  tube  erosion  is  investigated  sinoa  this  is  a. 
problem  of  critical  importance  in  designing  ammunition  cal- 
; bration  programs. 

Modifications  of  rifling  design  indicated  by  the  coa- 
; utntions  are  suggested. 


BEST  AVAILABLE  COPY 


*  7!%*?*  •*  •  •  rjwY*s- 


**#< 


"•fWvW'  J*Tf  *W**"J»*'»- ’  • 

'■«*'- UN*  ■*-B 


I  NT  PHI  Oh  RAJ  IKS  10  KF1  '  C  '£  oy  :HJ  KHOSIOW 


Introduc  tlon 


Statement  of  Problem 

The  primary  problem  of  the  field  of  interior  ballis¬ 
tics  is  the  prediction  of  the  interior  ballistic  tra¬ 
jectory,  i.e.  the  velocity  and  position  of  the  projectile 
and  the  ma-ciitude  of  the  pressure  of  the  ponder  vas  as  o 
function  of  time  during  the  time  that  the  projectile  is 
in  the  ,'un.  The  interior  ballistic  trajectory  has  obvious 
uses  in  the  design  of  weapons,  ammunition,  propellants  and 
in  the  testing  of  ammunition. 

Many  difficulties  in  the  theoretical  determination  of 
the  interior  ballistic  trajectory  arias  from  the  extremes 
of  temperature.,  pressure  and  acceleration  encountered  in 
<un  firings,  little  or  no  reliable  data  is  available,  for 
example,  on  such  items  as  the  heat  loss  during  firing,  the 
frictional  force  'encountered  by  the  projeotile,  or  the  foroes 
encountered  by  the  projeotile  as  it  begins  to  move  and 
encounters  the  lands.  Although  the  knowledge  of  many  other 
important  faetore  is  now  firr  wore  extensive  thui  ever  be¬ 
fore,  It  own  hardly  be  regarded  as  entirely  satisfactory. 

The  c  oic  pie  to  knowledge  of  these  faetore,  however,  If 
it  were  attainable,  would  certainly  not  solve  the  pro¬ 
blems  of  tha  Interior  balliatician.  The  calculation  of 
Interior  ballistic  trajectories  accounting  for  the  mul¬ 
titude  ccf  variables  that  exist  would  be  e  complicated 
task,  ©is  differential  equations  obtained  oan  be  solved 
only  by  numerical  integration.  ©»  solution  of  these 

'MA*..  ' 


(  i  M  erentiiil  e>:  i<a '  i  on:  f'w  11  ooM  ina  t  ion  s  of  the  pera- 
e> -i nrs  io.h  mi^ht  h*'  to  occur  would  le  an  im¬ 

practicable  task. 

These  difficulties  are  handled,  in  -.practice,  by  appro¬ 
priate  changes  of  variables  designed  to  eliminate  oertein 
parameters  and,  Ln  the  ease  of  some  rather  poorly  known 
oar;  meters,  by  the  assignment  of  universal,  though  arbitrary, 
values.  By  those  devices,  the  number  of  parameters  la 
sufficiently  reduced  to  permit  tabulation  of  a  relatively 
small  number  of  interior  ballistic  trejectoriee  which  aro 
representative  of  all  firing  conditions  that  may  be  ex¬ 
pected.  this  tabulation  is  then  available  for  use  in 
design  or  experimental  work  as  man  tinned  previously. 

This  thesis  is  a  consideration  of  one  of  the  para- 
nwers  to  »-h.ich  it  is  customary  to  assign  an  arbitrary 
vs !  u.e.  This  parameter  is  the  resistance  encountered  by 
,  the  projectile  io  the  first  few  inches  of  travel.  Luring 
this  initial  period  of  travel,  the  rotating  band  of  the  pro¬ 
jectile  encounters  the  lands  of  the  rifling  and  la  en¬ 
graved  by  them.  Large  forces  will,  therefore,  oppose 
notion  of  the  projectile  and ,  as  will  be  seen  later,  these 
forces  seriously  affect  the  ooabuation  of  tha  powder.  She 
variations  of  these  foroes,  whloh  oocur  as  the  result  o t 
erosion  of  the  lands  by  firing,  will  be  shown  to  be  a 
major  factor  in  lha  variation  of  velocity  levels  between 
different  guns  of  the  sacs  type  or  in  a  given  man  under 
different  oonditlons  of  erosion. 

This  engraving  reels tance  is  accounted  for  in  the 
current  interior  ballistic  tables  by  ths  use  of  an  initial 
resistance  which  oust  he  overcome  before  mot  ion  of  the 
pro  J  so  tile  begins.  These  tables  have  been  developed  using 


...  „>w 


one  n)  rii'On  fixed  vulue  of  the  initial  resisteno®,  which 
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jeotile  travel.  In  using  the  tables,  no  variation  of  the 
initial  resistance  is  permitted,  either  to  account  for 
magnitude  or  rearion  of  »pplioation.  The  reasons  for  this 
'are  pound  and  obvious.  First,  practically  nothing  was 
known  about  the  actual  magnitude  and  region  of  action  of 
thove  forces.  Second,  the  addition  of  two  parameters  (i.e. 
magnitude  and  region  of  application  of  engraving  resistance) 
would  cause  such  an  increase  in  the  volume  of  the  tables 
as  to  make  their  preparation  and  use  very  difficult. 


The  question  as  to  just  what  effects  the  introduction 
of  this  engraving  resistance  mi  aft  t  ha  v  >•< ,  cwever,  is  an 
enticing  one.  Many  effects  have  been  oo„«rved  in  actual 
firings  whioh  appear  to  find  a  ready  explanation  in  the 
vicissitudes  of  the  engraving  resistance.  These  effects 
will  be  diaauaaed  in  dstail/latsr  but  it  is  worth  noting 
at  this  time  that  among  the  phenomena  whioh  are  attribut¬ 
able  largely  to  changes  of  engraving  resistance  are  (1) 
the  loss  of  velocity  in  a  worn  gun  (2)  the  decrease  of 
velocity  dispersion  in  a  worn  «run  (3)  the  change  of  relat¬ 
ive  velocity  levels  of  ammunition  between  firir^a  In  new 
and  worn  gune  (4)  the  absenoe  of  certain  "tube  condition¬ 
ing"  effeots  on  velocity  in  wow  guns. 


The  purpose  of  this  thssls  Is  to  investigate  the 
theoretical  effects  of  engraving  resistance  in  a  selected 
weapon  for  which  considerable  experimental  data  la  evail- 
abls.  in  attempt  will  be  made  to  estimate  the  magnitude 
and  region  of  action  of  the  engraving  reals tanoe  from 
physical  considerations  and  from  the  observed  effeots 
whioh  are  believed  to  be  largely  attributed  to  the  re¬ 
sistance*  Using  tha  Tallies  so  as  time  ted,  other  factors, 
more  difficult  to  determine  experimentally, say  then  be 
ooaqrated  theoretically.  It  is  anticipated  that,  if 
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fv  1  ,  ihesp  rPM.lts  may  b*1  of  valnp  in  r.he  desi-ui  of 
t.-.e  niling  rf  a  weapon  and  in  the  specification  of  such 
values  as  t } :p  limits  of  quickness  of  powders  i  or  use  in  a 
w-apon. 

The  method  employed  in  adding  the  factor  of  engraving 
of  resistance  to  calculations  .of  trajectories  will  be  the 
simple  and  straight  forward  one  of  subtracting  the  force 
of  engravinr  fr^m  the  accelerating  force  in  the  numerical 
into  -ration  of  the  equation  of  motion.  This  scheme  is 
employed  without  claim  of  its  being  either  novel  or  clever. 
It  ha;j  unquestionably  been  given  consideration  by  many  per¬ 
sons  concerned  with  the  field  of  interior  ballistloe  but 
it  has,  to  p’ne  limits  of  knowledge  of  the  author,  been 
seldom  employed.  In  part,  at  least,  this  may  be  explained 
by  the  fact  that  until  the  recent  war  many  of  the  serious 
effects  of  engraving  resistance  were  not  recognised,  or  ware 
,  f  less  consequence,  because  of  tie  less  stringent  require- 
•  r  +s-  rlr-ced  on  ammunition.  This  method  sheers  promise  of 
providing  an  insight  to  certain  interior  ballistic  phenomena 
wrich,  at  present,  are  of  interest  in  conjunction  with  the 
calibration  of  ammunition . 

Ballistic  Terminology 

The  purpose  of  this  section  is  to  introduce  the  reader 
unfamiliar  with  the  field  of  interior  ballistics  to  certain 
terms  which  are  peculiar  to  this  field. 

Figure  1  (a)  gives  a  cutaway  view  of  a  typioal  complete 
round  of  ammunition.  The  rotating  band  is  made  of  copper 
or  gilding  metal  and  serves  the  dual  purpose  of  minimising 
the  sscape  of  gas  during  firing  and  imparting  rotational 
velocity  to  the  projectile.  An  importmt  aspect  of  its 
behavior  in  connection  with  this  study  is  the  engraving 
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i •<* s  is  tance  .*•!  ,r‘v  ex  ir-  r.?  vj  *> r,  -tj*.  rotating  band  »n«:  res  the 
t  it'lln  *  nl  tl  ■*  *  ul  o  .  The  s nn4.  i ny  of  t>>e  rotating  band  i*r 
r1'";i'vic(?  r«''-e-n  it?  lrver  fpc*.  ary*  *np  cater  face  of  ‘r:e 
hand  sea t  of  th“  projectile  may  be  seen  to  nave  3  pro¬ 
nounced  effect  on  the  ma  gn  *.  t  ud  e  of  the  erifravin<'  resistance 

S  > 

i’he  cartridge  case  is  fastened  to  the  projectile  to 
tnciiitnte  handling  of  the  round  prior  to  firing  *by  means 
of  crimping  it  at  tne  position  of  the  crimping  grooves  of 
the  projectile. 

The  powder  char  -te  is  contained  in  the  cartridge  case. 
The  space  contained  in  the  cartridge  care  with  the  pro- 
,’!‘C*ile  in  place  is  referred  to  as  the  powder  chamber. 

LI  «  sun.e  term  is  applied  to  the  portion  of  the  run  w*  ich 
houses  the  cartridge  case,  however,  the  term  volume  of 
the  powder  chamber  will  always  refer  specifically  to 
‘he  volume  in  the  cartridge  case  in  this  discussion.  An 
end  view  of  a  multi -perforated  powder  grain  is  shown  in 
Figure  1  (b).  The  least  distance  between  the  perforations 
of  the  <?rain  specifies  its  web  thickness.  This  type  of 
grain  is  known  as  a  pro  rressivc  burning  grain  because  the 
surface  of  the  grain  increases  as  the  burning  proceeds 
until  the  point  of  slivering  is  reached.  The  term  quick¬ 
ness  is  defined  specifically  in  certain  interior  ballis¬ 
tic  tables,  but  is  frequently  used,  rather  loosely,  to  de¬ 
note  the  relative  rate  at  which  powders  differing  in  di¬ 
mensions  or  chemical  ooaposition  would  release  energy 
under  identical  conditions.  The  burning  rate  of  a  powder 
is  the  linear  rate  of  burning  of  a  surface  of  the  pcwder 
under  standard  pressure. 

Figure  1  (c)  shows  a  typical  cross  section  of  a  gun 
or  gun  tube  showing  the  rifling.  The  recesses  are  called 
grooves  and  the  projections  lands.  The  lands  spiral 
around  the  bore  or  inner  face  of  the  gun  to  impart  rotation 
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the  pj-'>  Vet.  i  !*• .  'Hie  rtf te  -f  t.njs  'plralling  is  denoted 
:  v  thp  tw  iat  or  p It  eh  of  ri  f  ling,  »h  1  oh  iray  be  speel  .  .e  d  in 
~;rher  calibers  per  revolution  (•'•her®  caliber  is  the 
■■■*:. -i  re  ter  of  the  bowrrelet  ras  shown  in  Figure  1  (a)),  or  in 
degrees  referring  to  the  slope  of  a  plene  development  of 
the  lands  relative  to  the  gun  axis.  The  rifling  nay  be 
either  of  uniform  or  progressive  twist.  The  latter,  rather 
uncommon  in  American  artillery,  serves  to  reduce  and  shift 
the  t>er»>  of  rotational  sc  deration  which  in  the  case  of 
on; term  twist  coincides  with  the  peak  of  transletional 
ace  leration. 


The  -'hnnber  of  the  cun  is,  of  course,  smooth,  since 
*r  ir-  portion  houses  the  cartridge  case  during  firing.  The 
■h.ntVer  tapers  down  to  a  region  immediately  forward  of  the 
position  of  the  rotating  band  when  the  round  is  inserted 
ir.  firing  position.  At  this  region,  known  as  the  origin 
of  rifling,  the  rifling  begins*  The  lands  do  not  assume 
full  depth  at  the  origin  of  rifling  but  gradually  reach 
full  derth  by  virtue  of  a  taper  of  generally  of  about  9 
degree--  to  t:e  aris  of  the  tube.  Erosion  of  the  gun,  that 
is  the  removal  of  metal  from  the  bore  by  the  friction  and  « 
hot  gases  during  firing,  is  greatest  at  the  origin  of 
rifling. 

The  term  ammunition  lot  is  spoiled  to  a  group  of  items 
either  complete  round s,  i.e.  the  assembled  round  ready  for 
firing,  or  its  components  which  were  designated  with  the 
same  lot  number  by  their  manufacturer.  Requirements  im¬ 
posed  on  the  production  of  lots  of  oomplete  rounds  give 
reasonable  assurance  that  the  lots  are  homomene  us  in  "their 
interior  and  exterior  ballistic  behavior. 
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i 1 1  ?  f  r ;  n  r  H**l  M:-**  i  c  tiqun  ti  s  of  .ett 

The  int«»ri  jv  ballistic  tables  for  use  witi  multi- 
bo  r  fora  ted  powers  which  have  bten  adopted  by  the  Ord- 
nnv.rp  Department-  are  those  contained  in  Ordnance  Depart- 
"■‘•"t  Document  Nn .  .  The  eauati  ^ns  which  serve  as 

•  he  basis  of  ‘h*-"  tables  »  ill  be  discussed  in  the  foliow- 

sections.  T^e  fund  amen  *al  equations  required  for  solu- 

•  •>  t)  P  "'■ti  r'  of  the  pro  y»cti  le  are  those  Qf  (i) 

•  rarulati'  ••  v  5  burning  rate  and  (3)  energy. 

Granulation  Function 


The  granulation  function  used  in  Penr.ett's  Tables 
'Ordnance  Department  Document  No.  2039)  expresses  the 
fraction  of  the  charge  burned  as  a  function  of  the  frac¬ 
tion  of  the  web  burned.  This  function  was  determined  from 
•e-'.Tetzi  chI  considerations  of  the  standard  mult !-■  per f or¬ 
ate3  -rain. 

This  method  of  determination  of  the  granulation  func¬ 
tion  necessitates  the  assumption  that  layers  of  equal 
depth  a-e  burned  from  all  surfaces  in  equal  time  intervals 

and  that  nil  grains  are  of  the  same  shape.  The  latter 

% 

assumption  is  sound  inasmuch  as  little  variation  in  di¬ 
mensions  is  found  between  grains  of  a  charge.  The  former 
apparently  is  not  to~  well  met  because  of  the  tendency  f 
for  more  rapid  burning  on  Ihe  inner  surfaces  of  the  perfor¬ 
ations  than  on  the  outer  grain  surface .  This  phenomenon, 
which  has  been  observed  on  partially  burned  powder  grains, 
is  attributed  to  either  the  higher  pressures  existing  in 
the  perforations  during  burning,  or  the  erosion  of  the 
grain  by- gas  escaping  from  the  perforations  -hiring  burn¬ 
ing  or  both.  The  manner  in  which  the  table  are  used. 


'-■■**  +  en.*l  *«*  . 


•t*  «-r .^■!'*«i»k>.  •  -  *>•  •*|»»*.i»>’«-'n  . 
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wev.-:  ,  r  '•■r  •"!  1  v  rr.  i  n  lr:  zes  iff  effects  of  the  ffiMur"  of 

•  •  r  assuxpt i •*•:.  of  equal  burr.nn  by  as:‘i.7»in  '  to  ♦he  charge 
?ui  affective  quickness  empirically  determined  under  fir- 
in  condi  tion3  Appro*  i matins  those  desired. 

/-:  ’~n  \  r,‘-  Kate  Squat  ion 

The  ra^  of  burntm?  of  the  pceder  is  asaurasd  to  be 

•  “ri  •  v  the  »'j’:ati on 

dz  0  1? 

3t  *  E 

*v(-re  z  =  fraction  of  web  burned 
b  =  burn i ny  rate  constant 
F  =  press  ure  of  powder  a&as 
r.  »  burning  rate  exponent 
H  *  web  thickness 

TM?  Tott  of  the  burning  rata  equation t  Hh idh  la 
rormt.on  to  practical  ly  all  interior  balliatic  systeias ,  la 
attributed  to  Vieille  (1893)  by  Crans*2*  and  la  in  agree¬ 
ment  with  experimental  data.  IS*  only  value  in  this  ex¬ 
pression  of  interest  at  the  asowent  la  that  of  the  twrnlne 
rate  exponent.  This  value  was*  at  the  tiae  of  the  prepare-, 
♦ion  of  Bennett *a  Tables,  Boat  generally  accepted  as  2/5 
although,  as  mentioned  by  Bennett,  the  evidence  was  far 
from  conclusive.  More  reoent  experimental  data*5*  in- 
-<1  cates  that  a  somewhat  higher  value,  about  .85,  i*  ®we 
representative  of  present  powders. 

SrxerKy  Squat  Ion 

Thie  expression,  which  equates  the  energy  released 
y  the  cmbuetlon  to  that  taken  up  by  varlour  processes 


in  th«*  nm ,  is  th*»  sour  re  of  most  ,  thou  ft  not  nil,  nrrro'*- 
tons  req  uv d  in  Interior  bal  1 1st 4  c  •  **1  e  r*r  y .  , 

(?)  .  , 

Crapz  tn'ruli  tes  and  considers  ton  nro  cosset  which 
absorb  the  energy  o+'  corrb  usion  as  folio**? :  (1)  kinetic 

eno:-«;y  of  trn-*sla  tier  of  tl*e  nro  je  ctilo  (2)  kinetic  ener  gy 
c-f  rotation  of  t'ie  rreVr'tilo  (3)  energy  of  motion  of  the 
r^'b'r  char  *•*■  and  ocv-der  gas®s  (4)  energy  of  motion  of  the 
roottilihg  m''s  of  He  gun  (b)  work  of  overeorinr  exterior 
atmospheric  ores  sure  (6)  energy  of  motion  of  air  ahead  of 
the  projectile  (7)  work  of  friction  bef-een  the  projectile 
and  the  eun  (B)  -ork  of  engraving  the  relating  band  (9) 

)  eat  lor?  to  projectile  and  gun  and  energy  loss  by  escapage 
of  nosier  gas  past  the  projectile  (10)  internal  energy  of 
the  p order  mas. 


It°n  (1)  and  (10)  are  of  the  greatest  importance 
ir.  the  disposition  of  energy,  and  most  investigations  of 
interior  ballistics  are  b.ised  on  equations  expr^snino  all 
ten  terms  relative  t,o  these  two  as  nearly  as  possible. 

Thus,  Pennett's  equations  assume  adiabatic  behavior  of  the 
powder  mas  to  account  for  item  (10),  and  introduce  an  effect¬ 
ive  projectile  mass  to  account  for  all  other  items.  This 
system  accounts  well  for  all  processes  except  item  (5), 

(6)  and  ( 8 ) ,  which  are  small  and  item  (9),  *hich  is  not 
necessarily  small.  At  present,  the  heat  loss  is  considered 
to  be  roughly  accounted  for  in  Bennett's  equation  by  the 
use  of  a  ratio  of  specific  heats  somewhat  larger  than  the 
actual  value  for  powder  gas.  This  method  of  handling  the 
heat  loss  is  justifiable  from  the  vie- point  of  expediency 
beoause  too  little  is  knowi  about  the  actual  heat  loss  to 
justify  the  use  of  any  otheiiform. 


It  should  be  apparent  at  this  point,  that  in  the  use 
of  interior  ballistic  table  si  the  normal  croc  edure  is  not 
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»•«•;»<»  np  pvr**lv  th»rret  lr*l  c''npi<*o  rat  Iona,  hut  on  an  ®  mnir *. - 
oop  foundation  approxinv1  iirvg,  pS  heart  y  ae, possible,  the 

desired  coni  iti  one.  That  is,  Apt  example ,  to  estimate, .the 

\  ■"  ■■'•£  ,  r.  -3&1 ..  ■  ■  ■„  v''  •  ':7' ■( 

vV>.oc  it  y  expected  from  a  weapon  under  certain  propose  no  con - 

■  ?  i  i  l  inn  ,  one  would  first  attempt  ;  /  * 

actual  firings  und^r  coni  it  lone  approximating  those  proposed . 

' v i *  *  i)-  *pe  '’roiricnl  results,  •  t«  may  then  evaluate  the  para** 
>.'■  v-t  ich ,  In  the  theoretical  attack,  would  have  g Ivan 
Mr  o>  result .  Uni-i"  these  parameters,  modified  so  • 

!-o  o>'ovnt  foi  the  change  from  "the  actual  to  the  jto- 
i  nr-“A  conditions,  he. -then  may  oomrute  the  expected  result,;;: 

i accounted  for  the  vagaries  of  such  items  aa  heat 
■fv-r  i.r>  e  ecini-errDirloal  manner.  ^ 

Fi  •  ce®ding,  then,  with  the  development1  of  Bennett ’a  . 
.->noj!._v  equation  under  the  assumption  of  adiabatic  be*;1-; 

”r  or  t.he  ponder  gas,  the  energy  remaining  in  the/giBa,^ . . 

S;  ,  nrnv  te  shown  to  be  :•.'/*£*■  . 

v.-  ■ . .  • 

sg-JA-  <»> 


"!«r»  P  is  the  gao  preabure 

J\  ie  the  free  volume  of  the  pcmder  gaB 


is  the  ratio  of  tha  specific  heats  of  the 

po’^der"ifB«-''vM  "‘*o*  -•  -Mw- 


Ex  weeping  the  free  volume  at  tl*  total  volume  of  the  pow¬ 
der  chamber  and  the  portion  of?: the  here  through  which  the 

projectile  hae  travelled,  minus  the  volume  occupied  by  the 

unturned  powder  and  the  oo-volume  erf  the  prefer  gas,  and 

taking  the  co- volume  of  the  piw'dar  gae  aa  3/2  the  volume 

of  the  ponder  burned,  the  equation  for  A  become# 

•  «>  \  . 

■Hr  ■ 
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fi  «  SC'  -  yrg-  -  |  G(z) 


where  C*  is  the  chamber  volume 

5  is  a  travel  parameter  sueh  that  the  total 
volume  vehind  the  projectile  Is  S  C'j 
thus  S*1  at  the  start  of  travel 

c  is  the ' charge  weight 

6  is  the  specific  gravity  of  the  solid  powder 

f  is  the  density  of  water 

G(z)  is  the  granulation  function 

Defining  A  * 

and  substituting  for -A.  ,  (X)  becomes 

Bg  *  H^r-  rs  - 1  a  *  (2) 

Bennett  then  introduces  the  reduced  projectile  weight, 
P*  defined  as  the  we i girt  of  the  projectile  plus  one-th  ird 

the  weight  of  the  powder  charge.  It  is  readily  shown  that 

this  reduced  weight  will  ao count  for  i teas  (1)  and  (3)  of 
the  energy  absorption  if  tbs  powder  gas  and  un burned  powder 
are  assumed  to  be  uniformly  distributed  through  the  volume 
behind  the  projeetila  at  all  tins  a*  Using  this  reduced 

weight,  and  introducing  the  faster  -i-  as  the  constant  off 

ro’ 

proportionality  required  to  take  account  of  all  other  energy 
losses,  the  effective  kins  tie  energy,  K^,  then  be  cooes 


'■  *  '•*  v;  * 


Y 

V 


1  P»  V8 
.  a  “?g 
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(3) 


Then  denoting  the  energy  liberated  ty  conbuation  per 
•unit  weight  of  charge  by  n' ,  car  the  total  energy  liberated 
at  -any  instant  by  n’c  G(z),  the  energy  equation  nay  be 

written 


n'cG(z)“E  ♦  E 

g  e 


gc-lu^H^V 


(4) 


At  this  point,  the  pressure  is  written  as 

1  L  P*  dv 

p  rr  r 


t; where  L  is  the  length  sueh  that  equals  the  area  of  the 
bore,  and  rQ8  is  assumed  to  be  the  same  as  the  correspond¬ 
ing  value  in  equation  (3).  It  should  be  noted  that  the 
definitions  qf  S  and  L  imply  the  relation. 


8  ■  1  + 


(5) 


wfciere  u  is  the  displaeaewnt  of  the  projectile  from  the  rest 

position* 


l?ow,  to  reduce  the  number  of  parameters,  a  new  in¬ 
dependent  variable  will  be  introduced.  Uhls  is  done  by 
first  defining 


’  '-'i  *  :*y i" w "  >j^'  11 T7  ,<y- 


^*>~  ... ./•  J  .»«¥' 


J-'V-S 


\*  ■», .  >* 


1 


* 


P! 

W 
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and 


r  » 


ro 

im 


1/2 


n ' 

V 


(6) 


-here  n  *  is  a  standard  value  of  specific  energy  of  the 

powder.  The  variable  called  the  reduced  time,  is  now  de¬ 
fined,  usins:  t  to  denote  time: 


p=  §s 

From  (5)  and  (6) 

„  _  du  _  Lds  _  r  ds 
V  TE  H  Jgb 


(7) 


and ,  3inpe 


dv 

7E 


the  new  expression  for  the  preasttre,  called  reduced  pressure, 
becomes 


p-si,  all 

*V  d** 


(e) 


Substituting  (8)  and  (7)  in  the  energy  equation  (4)  gives 


“  ’•+!**'?  <r. s,  —' 


.if  *’“  rr.-:..:  fT5E^.  ;.  s.-..,w;. 
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n'cG(z)  = 


n»  '  C* \  d 2 


[a 

dp* 


£  (1  ♦  »iz)3  + 
6  a 


H7^) 


n»  (k-l)WAG(a)  =  ^-|  Is  -  |  (l»0^z)1  ♦ 


•l/ds\* 

r  (a*; 


Bennett  assies  the  value  1.3  to  k  and  1.25x10 
ft.  lbs./j.b.  to  n  '  and,  replacing  8  and  W  by  their  known 

values,  obtains  the  energy  equation 


162,400  A  (?(z)  *  fs  -  .632a  -  »316A  &(z)]  +  .15 


The  burning  rate  equation  of  the  previous  section,  ex- 
prersed  in  terms  of  the  new  variable  <p ,  becomes,  using 

equations  (6)  and  (8) 

1/9  1/6  9/S 


b  r  I  d 
dz  _  o 

5 — 


(t)  (50 


This  is  normally  written  as 


■<S0 


in  which  q  is  the  quickness  as  used  in  Bennett  's  Tables. 


Tabulation 


The  energy  equation  above,  the  burning  rate  equation, 

Jfe- 

and  the  granulation  function  form  a  set  of  equations 


6  X  pT^fl  fl  If)  ft  S  .  — wi*U  —  —  XU  i-oiiun  \J  i  u»  1-wi  j  e»»»w?  tf;i  n  ^  »•..  v. 

”  df?» 

A  and  the  independent  variable  <P  •  Thus ,  by  numerical 
integration  of  the  three  equations,  the  dls  pla  cerrrnt ,  veloo  ity 
and  pressure  may  be  determined  as  funotlone  of  time.  These 
values,  In. the  reduced  units,  are  tabulated  In  O.'D.h. 

No.  2039  for  represents  live  vnl  ue  e  of  the  parameters. 


iLji  in  terme  of  the  parameters  q  and 


These  integration"  were  performed  using  an  initial 

value  of  - .-S  correspono  ino;  to  about  2500  lb./sq.in.  This 

df* 

"shot  start*  pressure  was  considered  to  aocount ,  in  part 
at  least,  for  the  engraving  resistance  of  the  rotating  band 
which  cannot  be  reasonably  accounted  far  by  the  factor 

— i-  used  for  so  many  of  the  other  effects. 

r  • 

o 


Modified  Interior  Ballistic  Equations 


The  distinction  between  engraving  resistance  and 
frlotional  bore  resistance,  as  used  herein,  should  be  re¬ 
called  at  this  point.  The  latter  aesss  to  be  reasonably 
well  taken  into  aooouht,  in  the  previous  theory,  by  the 
multiplication  of  ths  projectile  weight  by  a  faotor  slight¬ 
ly  larger  then  one.  This  procedure  iapllss  that  the 
frlotional  resistance  Is  proportional  to  the  acceleration 
which,  in  s  weapon  having  uni for s  rifling  twist,  Is  rough¬ 
ly  equivalent  to  misusing  s  coefficient  of  friction  in¬ 
dependent  of  velocity.  Aside  from  sny  consideration  of 
ths  adequaoy  of  a  constant  coefficient  of  frietion,  this 
method  perslts  an  tapir  leal  evaluation  of  the  frlotional 
resists -ioe,  since  the  faotor  r  la  ao  evaluated,  md  the 
frlotional  energy  losses  are  both  saall  and  reasonably 
constant  in  any  individual  tube.  .  The  magnitude  of  ths 
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frictional  resistance  is  large  only  in  regions  in  which  it 
has  no-  appreciable  effect  on  the  combustion  of  the  powder. 

On  the  other  hand,  engraving  resistance  always  occurs 
early  in  the  projectile  trevel  and,  in  this  region,  can  have 
large  effects  on  the  combustion  of  the  powder.  Whereas  th® 
energy  expended  in  overcoming  engraving  farces  is  trivial 
relative  to  the  muzzle  energy  of  the  projectile,  Ihe  delay 
caused  by  engraving  may  so  affect  the  oombustion  of  the 
powder  as  to  change  the  energy  delivered  to  the  projectile 
by  more  than  ten  percent.  Since  both  the  nagnitude  and 
re  -ion  of  action  of  the  engraving  forces  are  seriously 
affected  by  gun  erosion,  these  farces  are,  obviously,  not 
well  accounted  for  in  the  preceding  theory,  a  1th ou eh  the 
frictional  resistance  does  appear  to  be  adequately  handled. 


The  energy  and  burning  rate  equations  of  Bennett  will 
n°'v  be  modified  so  as  to  permit  the  introduction  of  an  en¬ 
graving  resistance  of  arbitrary  magnitude  operating  over 
an  arbitrary  region.  This  may  be  readily  done  by  first 
rewriting  equation  (4)  as 


n 1  cfr  ( z ) 


r,-| 


lx  ♦  2ii!  ]  *  _1_  Ei 

2  r  *  2  g 


A*F  (Pf,  u) 


(11) 


where  the  new  values  introduced  are 

A  ■  Area  of  bore 

Pf  *  pressure  equivalent  to  engraving  resistance 

r 

A*  P  (P^,  u)  *  kj  Pf  du  ■  work  of  engraving 


then 
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r:  '  (k-l)*&rr(z)  «  l!®l[s  -  |  (1  +2^ii)]  ♦  ili 

°  6<?P  b  1  d 

a 

[  (U)  +2?(Pf'f  s)]  (12) 

jt  2*  f 

The  expression  --— —  above  corresponds  to  the  reduced 

d?? 

t.'tai  gas  pressure  which  has  the  components  —  —■•,  the  re- 

d?a  _ 

duced  pressure  accelerating  the  projectile,  and  P^’the  re¬ 
duced  presst?re  required  to  overcome  engraving  resistance. 
The  rate  of  burning  will,  of  course,  be  ^nvemed  by  the 
total  gas  pressure  and,  in  the  present  terminology,  become 


&) 


Equations  (12)  and  (13),  together  with  the  granulation 
function,  provide  a  means  of  accounting  for  the  engraving 
resistance  in  computation  of  the  interior  ballistic  tra¬ 
jectory,  assuming  that  is  known  as  a  function  of  u,  tha 

projectile  travel.  A  discussion  of  the  evaluation  of  P^ 
is  contained  in  the  following  section. 


Other  factors  than  change  of  engraving  resistance 
accompany  tube  erosion.  The  increase  of  bore  diameter 
permits  the  escape  of  a  greater  quantity  of  powder  gas 
and,  in  addition,  increases  the  volume  of  the  bore.  Both 
of  these  effects  tend  to  lower  the  velocity.  A  comjmrison 
of  the  relative  magnitudes  of  these  effects  by  the  British 
indicates  that  the  combined  effects  of  gas  escape  and  volts 
increase  account  for  about  one -third  of  the  total  velocity 
loss  in  their  3.7"  gun, 4 the  remaining  two-thirds  being 


3rf)j!'e  •>•5,.  >•  v>i  -  v-’rj 


'.'■fti)"  -V- .,' 


*'**  g* 
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caused  by  loss  of  engraving  resip  tanee .  The  Internal  con¬ 
tours  of  the  runs  on  which  this  is  based  show  greater  en¬ 
largement  b.v  a  factor  of  nearly  two  than  do  represent  at  ive 
T!.  S.  90mm  guns  (for  example,  see  the  star  smce  curve  of 
POmir  Ml,  tube  '-So.  196  in  refermee  5).  This  indicates 
strongly  that  the  effect  of  engraving  resistance  is  the 
uredominate  cause  f  velocity  loss  in  the  U.  S.  90mm  gun. 

In  the  following  sections,  computations  of  the  effect  of  en¬ 
graving  resistance  are  made  considering  it  as  the  only 
cause  of  velocity  loss.  Although  this  is  obviously  not  true 
it  appears  to  be  a  good  enough  apnroximation  to  indicate 
the  major  trends  and  effects  which  will  be  sought. 

In  the  computations  reported  in  the  following  sections 
the  process  of  numerical  integration  was  carried  out  in 
steos  of  .0005  units  of  the  reduced  time  throughout  the 
trajectories.  Par  convenience  in  computation  trapezoidal 
integration  was  used  rather  than  one  of  the  quadrature 
formulae  which  account  for  higher  order  differences.  With 
the  small  steps  employed,  the  trapezoidal  method  was  con¬ 
sidered  sufficiently  accurate.  As  a  test  of  this,  a  com¬ 
parison  was  made  of  the  velocity  obtained  by  the  trapezoidal 
method  with  that  obtained  using  Simpsons  One-Third  Rule 
which  accounts  for'  second  order  differences.  The  greatest 
difference  between  the  two  methods  was  less  than  one  foot 
per  second  throughout  ths  trajectory  in  the  computation 
which  led  to  the  result  tabulated  as  A-12  in  the  Stannary 
of  Computations. 
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Application 

The  modified  interior  ballistic  equations  may  be 
employed  to  determine  the  effect  of  resistance  at  various 
positions  along  the  bore  and  the  interaction  of  this  effect 
with  changes  of  powder  quickness,  cartridge  case  crimp 
and  shell  banding.  A  problem  of  this  nature  of  consider¬ 
able  importance  is  the  estimation  of  the  effect  on  velocity 
of  variations  in  cartridge  case  crimp  under  various  con¬ 
ditions  of  tube  erosion  (i.e.  under  various  conditions  of 
engraving  resistance.) 

This  particular  problem  is  of  interest  in  the  cali¬ 
bration  of  ammunition  for  the  90mm  gun.  In  current  calibra¬ 
tion  firings  at  Aberdeen  Proving  Ground,  frequent  observa¬ 
tion  has  been  made  of  the  fact  that  the  calibration  of  com¬ 
plete  round  lots,  relative  to  a  reference  lot  (a  control 
series)  vary  by  large  amounts,  depending  upon  the  condition 
o'  the  tube  in  which  calibration  is  performed.  These  varia¬ 
tions  of  calibration  are  the  result  of  Interactions  between 
the  engraving  resistance,  which  varies  with  the  tube  con¬ 
dition,  and  certain  properties  of  the  aarunition  being 
calibrated  such  as  cartridge  case  crimp,  powder  quickness 
and  shell  banding.  Because  of  this,  the  calibration  of 
these  lots  must  be  tabulated  as  a  function  of  the  tube  con¬ 
dition.  Actually,  the  tube  condition  is  moat  convaiiently 
indicated  for  ballistic  purposes  by  the  mussle  velocity  of 
a  reference  complete  round  lot,  and  it  Is  relative  to  Ihis 
that  the  calibration  is  tabulated. 

I 

The  calibration  of  a  lot  of  ammunition  in  tubes  of 
all  conditions  is,  of  course,  impractical.  An  economical 
limit  to  the  number  of  tube  conditions  which  oen  be  em¬ 
ployed  per  lot  in  an  extensive  calibration  program  is  two. 
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i.e.  a  reasonably  new  and  reasonably  worn  tube.  To  *o 
beyond  this  would,  first,  entail  considerable  expense  and, 
second,  require  tbe  destruction  of  an  excessively  lar«e 
number  of  tubes  and  ammunition  in  testing.  Thus,  it  is 
Important  to  investigate  methods  for  predicting  the  cali¬ 
bration  of  an  ammunl  tion  lot,  under  any  desired  condition, 
from  observation  of  the  calibration  at  only  two  reference 
velocity  levels.  Essentially,  this  becomes  a  problem  of 
determining  the  linearity  of  the  calibration  as  a  function 
of  the  reference  velocj  ty  level  or,  since  the  calibration 
is,  in  effect,  the  sum  of^the  effects  of  powder  quickness, 
crimp  and  banding  differences  between  the  reference  and  the 
test  lots,  the  problem  ia  the  linearity  of  these  effects. 

In  order  to  compute  the  effects  of  such  differences 
in  tubes  of  various  conditions,  some  knowledge  of  the  manner 
in  which  the  engraving  resistance  varies  frosi  a  new  to  a 
worn  tube  is  needed.  The  following  sections  summarize  the 
available  data  concerning  the  magnitude  of  the  engraving 
resistance  in  new  tubes. 

The  engraving  resistance  in  very  worn  tubes  is  known 
from  bore  measurements  to  be  negligible  until  after  a  pro¬ 
jectile  travel  of  several  inches.  Subsequent  calculations 
show  that  if  the  engraving  resistance  occurs  after  a  travel 
of  several  inches  it  has  very  little  effect  on  velocity. 

The  pattern  of  engraving  resistance  in  tubes  of  intermediate 
wear  will  be  discussed  at  a  later  point  in  this  paper. 

Static  graving  Studies 

Tube  stresses  caused  by  forcing  projectiles  through 
the  bore  mechanically  have  been  studied  recently  by  Vatertom 
Arsenal  and  by  the  Catholic  University  at  America.  (6,  7»  8). 


>jKWw*»' *##•*4**'  *y  •**» 
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Tt  eae  studies,  although  conducted  primarily  to  provide  in¬ 
formation  for  use  in  tube  and  shell  design,  have  also  /riven  * 
da  l  a  regarding  the  magnitude  of  the  stAti#  engraving  preee- 
ure.  Tests  have  been  made  in  37*it,  75er,  and  105  mr-  tubes. 

All  but  a  few  of  the  tests  made  at  Uatertowc  were  con¬ 
ducted  by  pushing  shell  throuah  the  bore  wife  a  push  rod. 

In  a  few  of  the  tests,  the  shell  was  forced  throush  fee 
tube  by  simulated  gas  pressure,  but  thie  was  done  only 

after  the  en/traving  process  had  been  ooapla ted .  fbue  all 

✓ 

the  static  tests  of  engraving  thrust  were  Bade  without 
experimental  simulation  of  the  effect  of  gas  pressure. 

The  results  obtained  by  the  Catholic  University  in 
measurement  of  axial  thrust  are  summarised  in  ITJHO  Bept. 

t 

No.  A  442,  pg.  47,  as  follows, 

"The  axial  load  behaves  vary  irregularly, 
depending  on  the  tube.  Usually  a  maximum,  which 
is  110-200  percent  of  the  value  found  after  en¬ 
graving,  occurs  near  the  end  of  engraving." 

The  pattern  of  thrust  against  travel  during  engraving  in 
new  tubes  showed,  in  general,  a  rapid  and  reasonably  lin¬ 
ear  increase  during  the  first  one -third  of  tbs  band  width 
and  a  more  gradual  increase  thereafter  extending  nearly 
to  the  end  of  engraving. 

In  eroded  tubes  the  axial  thrust  increased  sore 
slowly  with  tube  travel  end  did  not  attain  values  as  high 
as  those  In  the  new  tubes.  The  region  of  engraving  in  erod¬ 
ed  tubes  appeared  to  be  equal  to  two  or  three  band  widths. 

The  maxisum  thrusts  during  engraving  wars  little,  if  any, 

higher  than  those  attained  after  engtmvlng  • 

*• 

£ 
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The  magnitudes  r>f  tr«>  r*» y i^trrr  thr’T  +  r  durln*  t»»v- 
Lntr  are  -f  interest,  sLnce  they  orovide  *.  rou  dr  e«t*:1 rrn  be  of 
the  pressure  required  to  overcome  forcine  resistance  dur¬ 
ing  firing  in  a  ner  tube.  These  thrusts  rao~''d  from  25,000 
to  35»OOC  lbs,  for  the  37mm  tubes,  50,000  to  75»COO  lbs. 
for  the  75mr  tube  and  100,000  to  150,000  lbs.  ter  tie  105mm 
tube.  Corresponding  r’-essures  (i.e.  chamber  pressures 
equivalent  to  these  thrusts)  are  15,000  to  20,000  p.s.i. 
for  the  37mrr.  tube  and  7500  to  15,000  p.s.i.  for  the  75mm 
and  105mr  tutes. 

Whereas  the  prediction  of  the  shane  and  mamitude  of 
the  engraving  resistance-travel  curv<-  for  the  90mir  tube 
from  the  above  information  tould  be  a  rather  uncertain 
procedure,  the  above  information  provides  the  means  of 
verifying  the  validity  of  an  approximation  of  this  curve 
obtained  from,  other  sources. 

Dynamic  Sneraving  Studies 

The  difficulties  inherent  in  any  attempt  to  measure 
dynamic  engraving  resistance  are  obvious.  The  projectile 
is  in  the  bore  for  only  a  few  milli- seconds  after  notion 
begins.  During  this  tine,  one  must  obtain  a  continuous 
record  of  velocity  and  of  pressure  on  the  base  of  the  pro¬ 
jectile,  or  at  least  discrete  msasurements  of  these  values 
at  frequent  intervals  during  initial  travel,  in  order  to 
have  information  from  which  the  engraving  resistance  could 
be  deduced.  Unusual  precision  is  necessary  in  these 
measurements  in  order  to  give  reasonably  accurate  estimates 
of  the  forcing  resistance,  inasmuch  as  it  is  determined 
from  the  difference  of  functions  of  the  measured  values. 
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Despit®  these  difficulties,  two  recent  reports  oontain 
the  results  of  dynamic  engraving  force  measurements.  One 

f  q) 

of  these,  a  German  report  by  Rossmann,"7  gives  curves  of 
resistance  against  travel  from  the  start  of  motion  to  a 
considerable  distance  down  the  bore*  Although  this  report 
does  not  indicate  the  weapon  for  which  the  curves  were  udt, 
it  appears  from  the  magnitude  of  certain  measurements  to 
be  the  German.  88mr  run.  The  curves  indicate  the  engraving 
resistance  to  reach  a  maximum  of  about  400  kg/em  (5700  psi} . 
The  pro .lec tile  for  the  German  88mm  gun  has  a  rotating  band 
of  considerably  lest  cross-sectional  area  than  that  of  the 
American  90mm  gun.  Although  this  result  is  of  interest, 
it  must  be  accepted  rather  conditionally  because  the  report 
fails  to  indicate  the  means  employed  in  determining  the 
pressure  at  the  base  of  the  projectile  and,  in  fact,  gives 
only  a  slight  description  of  the  instrumentation  employed 
in  other  measurements. 

The  other  report,  prepared  by  the  Bureau  of  Stand¬ 
ards/10^  contains  an  excellent  account  of  methods  em¬ 
ployed  in  instrumentation  mid  reduction  of  data.  This 
report  covers  firings  of  the  M62A1  pro  jeotile  from  the 
90mrr<  Ml  gun.  The  M62A1  projectile  has  a  rotating  band 
identical  with  that  of  the  M71  projectile;  however,  fbr 
purposes  of  instrumentation,  the  taper  of  the  leading  edge 
of  the  band  was  machined  dams  to  present  a  square  should¬ 
er.  Even  with  this  modification,  the  projectile  employed 
in  this  teat  should  give  values  of  engraving  resistance 
quite  similar  to  those  encountered  with  the  V71  project¬ 
ile. 

A' 

The  abstract  of  the  Bureau  of  Standards  report.  In 
summarising  the  results  of  asasurement  of  bar#  reels  tanoe 
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ft- 1*»*> , 

*The  bore  frictior,  after  <‘r*ravi:-<-  ifl  com¬ 
plete,  is  small  (less  than  10,000  lb).  The  »n- 
gravinc  friction  with  b  maximum  value  of  about 
lOO.OOO  lbs.,  is  variable  from  round  *  c  round. 
------  Tvo  starting  pressure  is  about  -,000 

lb/in* . * 

Several  rounds  vi.ich  were  "'creed  thre;:;'r  tve  bore 
mechanically  ir.  thi-  pro  car  «ve  resistance-travel  pat¬ 
terns  similar  to  those  obtained  by  ^atertorr  Arsenal  r-nd 
the  Catholic  University  of  America.  in  that  the  resistance 
after  engraving  was  about  one-halt  as  lar-e  as  that  dur¬ 
ing  engraving.  The  maximum  resistances  during  engraving 
in  the  static  tests  corresponded  in  magnitude  to  those 
derived  from  the  ballistic  tests. 

Engraving  Resistance  Patterns 

Figure  2  shows  the  position  of  the  rotating  hand  of 
the  90n*f!  M71  projectile  relative  to  the  rifling  when  in 
firing  position.  If  one  assumed  the  engraving  resistance 
met  by  this  rotating  band  to  be  proportional  to  the  volume 
of  metal  disolaeed  per  unit  travel,  then  the  pattern  of  en¬ 
graving  resistance  would  Increase  sharply  to  a  maximum  after 
a  travel  of  about  0.1"  and  would  maintain  this  maximum 
(neglecting  the  effect  of  the  cannelures)  until  the  bond 
was  almost  completely  engraved.  Such  a  pattern  is,  at 
least,  not  inconsistent  with  the  emoirieal  data  previously 
cited.  For  convenience  in  computation,  the  engraving  resist- 

a 

anee  pattern  used  was  rectangular  in  shape  and  equal  in 
length  to  the  width  of  the  rotatii*  bend  {about  1.2* ). 

Using  this  type  of  engraving  resistance  pattern,  an 


•  • 


attempt  was  then  made  to  determine  the  magnitude  of  the 
em-raving  resistance  which,  in  computation,  would  produce 
results  equivalent  to  those  observed  in  actual  firing,  in 
regard  to  velocity  drop  from  new  to  jfom  tubes.  Thie  was 
done  by  selecting  a  representative  firing  in  a  worn  tube 
(li)  and  determining  from  Bennett’s  Tables  the  quickness 
and  velocity  parameters  required  to  give  the  observed 
’•elocitv  and  pressure.  'Using  these  parameters,  computations 
°  re  then  performed  with  engraving  resistances  correspond - 
•  to  tabular  pressures  of  2500,  5000  and  7500  psl*  « 

results  are  included  in  the  Summary  of  Computations- 
Part  A-lines  A-3,  A-7,  A-12  and  appear  in  Pig.  3  as  Curve 

i  A  « 
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The  highest  value,  7500  psi\  gives  .a  veloci-Qr  in¬ 
crease  of  12  3  f/s  over  the  value  obtained  wiih  no  engrav¬ 
ing  pressure.  This  velocity  difference  is  near,  though  per¬ 
haps  slightly  under,  the  value  normally  observed  ae  the 
dror  in  velocity  between  new  and  worn  90mm  tubes.  Thus, 
frctr  the  standpoint  of  loss  of  velocity*  a  satisfactory 
analogue  of  the  new  and  worn  tube  engraving  patterns  was 
obtained  by  using  a  7500  psi  engraving  pressure  for  one 
band  width  to  simulate  the  new  tube  and  no.  engraving  pres¬ 
sure  to  simulate  the  old  tube.  The  value  of  the  engraving 
pressure  in  the  new  tube  is  in  good  agreement  with  that 
previously  cited  from  the  Bureau  of  Standards  firlujs.^10^ 


*  All  pressures  mentioned  in  connection  with  Interior 
ballistic  trajectories  will,  for  convenience,  be  given 
in  the  tabular  unit  (see  Bquatlon  8)  used  in  computation 
which  is  0.85  timaa  the  actual  treasure.  Thus  the  pres¬ 
sure  of  7500  units  above  is  actually  6375  p.s.i. 


* «'  • 


>  ’"iff  TO 


'^*r~''  UjM  Wwnmip  I 
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Muzzle  velocity  as  a  function  of  starting  pressure, 

(a  pressure  which  must  be  exceeded  before  motion  starts, 
but  which  offers  no  resistance  thereafter),  was  next  com¬ 
muted  (lines  A-l,  A-2,  A- 6  ft  A-9  in  the  Summary  of  Com¬ 
putations)  and  is  shown  as  Curve  III  of  Figure  3*  Starting 
pressure  only,  as  is  used  in  most  interior  ballistic  tables, 
cannot  serve  to  simulate  the  change  of  engraving  resist¬ 
ance  from  new  to  worn  tubes,  because  unreasonably  high 
pressures  would  be  required  to  provide  the  observed  velocity 
differential.  This  may  be  seen  by  comparing  curves  II  aid 
III  of  Fig.  3,  from  which  it  appears  that  a  starting  pres¬ 
sure  of  7500  p.s.i.  is  required  to  produce  the  same  effect 
on  muzzle  velocity  as  an  engraving  pressure  of  only  2C00 
p.s.i. 


A  check  on  the  simulated  new  and  old  tub*  resist¬ 
ance  patterns  was  possible  by  using  these  to  compute  the 
relative  velocity  levels  of  powders  of  different  quickness 
in  n*w  and  old  tubes,  and  comparing  the  comnuted  values 

with  values  observed  in  actual  firings.  Such  a  firing 

(12  ) 

test  was  conducted  at  Southwestern  Proving  Ground  in 
which  a  ballistically  "slow"  powder  (lot  RAJ  15665)  was 
compared  with  a  ballistically  "fast"  powder  (lot  SUN  14653) 
in  both  new  and  worn  tubes.  Using  the  data  of  this  firing 
record,  the  quickness  and  velocity  parameters  (q  and  r) 
were  obtained  from  Bennett's  Tables  for  both  "the  fast  and 
the  slow  powders.  Integrations  were  then  performed  far 
both  powders  using  the  new  and  the  worn  tube  resistance 
patterns  previously  adopted.  The  results  of  these  com¬ 
putations  ( Susnary  of  Computations  Cl,  C4,  C5  *  C8)  show 
a  change  of  18  f/s  in  the  relative  velocity  levels  of  the 
two  powders.  That  ist  the  alow  powder,  which  was  15  f/s 
higher  in  velocity  than  the"  fast  powder  in  the  new  tube. 
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was  3  f/a  lower  than  the  fast  powder  in  the  worn  tube. 

In  the  actual  firing,  this  change  of  relative  velocity 
levels  was  23  f/a.  The  computed  difference  varies  from 
the  observed  difference  by  an  amount  which  la  within  limits 
of  the  experimental  error  of  the  firing.  The  new  nnd  worn 
tube  patterns  of  engraving  resistance  thus  appear  to  pro¬ 
vide  a  satisfactory  analogue  from  the  standpoint  of  inter¬ 
action  with  powders  cf  varying  quickness. 

Length  of  Engraving  Region 

One  method  of  inspection  of  artillery  shells  for 
defective  (loose)  rotating  band  seating  involves  the  es¬ 
timation  of  clearance  between  the  bend  and  the  band  seat 
by  measurements  of  external  indentations  made  on  the  ro¬ 
tating  band.  In  connection  with  this  type  of  inspection, 
knowledge  of  the  relative  effects  on  muzzle  velocity  of 
clearance  under  the  band  at  various  positions  longitudi¬ 
nally  along  the  band  is  valuable. 

A  thorough  investigation  of  this  effect  would  in¬ 
volve  the  integration  of  a  large  number  of  trajectories 
with  various  combinations  of  high  and  low  engraving  resist¬ 
ance  at  various  positions.  Rather  than  undertake  this 
sizable  task,  it  was  felt  that  a  sufficient  insight  into 
these  effects  could  be  obtained  from  determination  of  the 
effect  of  various  lengths  of  engraving*  The  effeet  of 
extending  the  engraving  region  an  additional  band  length 
was  found  to  be  negligible  (see  computations  designated 
A-5  and  A-8  and  their  relation  to  A-3  and  A-7  respectively). 
Therefore,  trajectories  were  integrated  with  7500  p.e.i. 
engraving  pressures  beginning  at  the  start  of  projectile 


'  vvy — tt 

■  s-  f 


basis  of  Figure  4. 
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The  engraving  resistance  encountered  over  a  sur¬ 
prisingly  snail  travel  exerts  a  large  infl ranee  on  the 
muzzle  velocity.  Figure  4  shoes  that  a  pressure  of 
7500  p.s.i.  active  over  only  0.3"  of  travel  causes  an  in¬ 
crease  in  velocity  of  over  100  f/s  above  that  obtained  ”'ith 
no  engraving  resistance.  The  engraving  resistance  en¬ 
countered  in  the  remaining  0.9”  of  travel  while  engraving 
is  taking  place  accounts  for  only  an  additional  70  f/s. 

One  right* reason  properly,  as  is  shown  by  subsequent  com¬ 
putations,  that  the  effect  of  the  latter  0.9"  of  engraving 
would  be  greater  if  the  first  0.3”  of  enrravinv  had  not  al¬ 
ready  taken  place,  however,  the  fact  that  the  front  por¬ 
tion  of  Ihe  rotating  band  plays  a  predominant  FRrt  in  de¬ 
termining  the  muzzle  velocity  can  hardly  be  disputed.  This 
is,  in  fact,  in  qualitative  agreement  with  a  firing  program 

{  po  ) 

'  in  which  metal  was  removed  from  the  front,  middle,  end 
rear  portions  of  the  band  successively.  These  two  sources 
of  information  provide  convincing  evidence  that  the  measure¬ 
ments  of  rotating  band  clearance  should  be  made  on  the 
forward  part  of  the  band.  Another  losdcal  inference  from 
this  data  is  that  the  process  of  shell  banding  might  be 
both  simplified  and  improved  by  designing  banding  machines 
to  apply  greater  pressure  to  the  forward  regions  than  to 
the  rearward  regions  of  the  rotating  b»id. 

Cartridge  Case  Crimp 


In  order  to  assess  the  effects  of  cartridge  case 

crimp  on  velocity,  a  pattern  of  crimp  resistance  as  a  func- 

% 

tion  of  projectile  travel  was  required.  The  length  of 
£  ' 
effective  crimp  action  was  estimated  from  observation  of 
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static  debulleting  operations  in  •■hieh  90mm  shell  were 
mechanically  pulled  out  of  cartridge  cases.  In  this 
operation  the  shell  are  pulled  at  the  rate  of  1/4”  per 
irinute  and  the  foroe  required  to  maintain  this  rate  of 
pull  is  recorded.  Prom  observation  of  a  large  nusber  of 
debulletings  performed  in  conjunction  with  current  tests 
of  90mm  of  ammunition,  it  was  found  that  the  length  of 
effective  action  ^as  practially  independent  of  the  magni¬ 
tude  of  the  debulleting  force  and  averaged  about  1/3*. 

Using  this  length  of  action  and  a  constant  pressure  of 

V 

1500  psi  (tabular),  trajectories  were  commuted  for'hew 
and  worn  tubes  (computations  B-l  ,;and  B-4).  Results  of 
recent  firintrs  are  available  in  itf-ieh  90nrr  rounds,  with 
the  standard  cartridge  case  crimp,  which  gives  a  debullet- ^ 
ing  force  of  ?-bout  9000  lbs.,  were  compared  with  uncrimped 
rounds  in  both  new  and  worm  tubes.  The  average  differ¬ 
ence  of  29  f/s  found  in  the  aetual  firing  in  the  warn 
tube  compares  favorably  (within  experimental  error)  with 
the  computed  of  25  f/s  for  the  worn  tube.  The  tabular 
pressure  corresponding  to  the  debulleting  force  of  9000 
lbs.  is  only  1100  p.s.i.,  which  is  considerably  lower  than 
the  1500  p.s.i.  necessary  in  computation  to  give  reason¬ 
able  results.  ' The  discrepancy  here  may  be  accountable  to 
the  existence  of  higher  debulleting  forces  wider  firing 
conditions  than  under  the  relatively  static  conditions 
imposed  by  the  debulleting  machine. 

The  comparison  between  the  empirical  end  the  ooaputed 
values  in  the  new  tube  seems,  at  first  sight,  to  present 
a  discrepancy.  The  firing  data  (14)  indicates  no  effect 
of  crimp  in  a  new  tube  or,  at  least,  so  smell  an  amount 
as  to  be  insignificant.  The  .computations  indicate  the 
crimped  rounds  to  fire  higher  by  12  f/s,  an  amount  which 
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should  be  detectable  In  ordinary  firings  in  thia  woapon. 

A  plausible  explanation  of  this  dlff  crease  roll!  develop 
in  lbs  farthur  consid  ersti ons  of  the  istarasti es?.  cf  ericy 
with  tubs  erosion  and  tisml  expansion. 

Tor  reasons  previously  stated,  the  behavior  cf  the 
orinp  effect  under  various  oonditiona  cf  tabs  erosion  was 
next  investigated.  This  waa  done  vising  t&e  orinp  resist¬ 
ance  pattern  which  was  found  above  to  with  experi¬ 

mental  data  in  the  old  tube,  end  imposing  this  resist  on  ©3 
on  the  engraving  resistance,  which  was  varied  to  Simla ta 
different  stages  of  wear. 

lbs  winner  in  which  the  engraving  rosista&e©  changes 
with  tube  erosion  is  undoubtedly  quit®  v&rMbl©  frees  tubs 
to  tube,  and  also  sons t  be  aftfeetad  by  t’za  thssml  ©spsaslea 
of  the  tube  during  firlEg.  T«r  ©s&isgl®,  if  on®  nsrs  ta 
cause  erosion  by  repeatedly  .fbrelng  I©  desa  tha  fear® 
meahanleally,  thereby  ©lisis^tis®  ^a©  «f  gas  aroslea, 

surffeee  aslting  and  thermal  *sxpm3&G8t5  reasonably 

expect  the  bore  resist^®®  pattes®  t®  a  fairly 

raotsagular  safety®,  #®®r®@©iag  in  aesi  Saorsaaisg 

la  length  as  erosion  pr©gps**«f .  ^ssie  ef  rsslst&ra©  ®otsl<3 
be  leveled  If  the  here  sssl&il  tbex© 

would  esnee  isdn  tf  fife  off  sal-t¬ 
ing,  ®a  the  ether  tad,  is  snotay  9«»r  tto  ©f  rifl¬ 
ing  tfe*a  £sp®  fees®,  tf  -  tffe  tlw 

ef  as$@8^®  t»  ©stafe®®^®  -tBEgegg^a?®.  effset 

«®«li  $e9&t  t©  <§e©r®#@  tls  oS  g©® 

aSstias®  1323?®  tte  @?  t2*v©l 
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tube.  Sberaal  expansion  of  0.01®  which.  ©ft$ss 

oooura  during  tbs  fir  lag  ef  100  ia  tSss  tabs, 

provide*  a  fra®  run  of  0.04s.  Fra®  rasas  esf  evs*i  this  esall 
distance  will  bo  shown  later  to  have  rtjEsrtesfely  large  @f£@e^3 
on  mussle  velocity  in  new  tubes. 

Two  distinct  attorns  of  engraving  resist®®*®  w®r©  ia» 
vestigated  with  respect  to  their  intorastloa  wi'lh  sslzsp. 

The  fir  st^ issuapt ion  1)  fsas  that  suggests  by  pure  sadhaifil- 
cal  erosion.  This  patten,  being  rectangular  and  eating 
over  a  region  of  one  band  length,  siaalated  various  stagas 
of  erosion  by  various  aags&itt&d^s  ©f  engraving  missis. 

Bo  aoeomt  tos  token  of  th©  ©legation  of  tbs  pattest 
advancing  erosion  because  tin  effect  of  thin,  m  praviaasly 
mentioned,  was  ins igaif leant.  J Sa  sussla  velocity  u©i©g 
this  assumption  of  engraving  resistance  is  shora  la  Fig.  5, 
both  for  orisped  rounds  ((Scares  X)  essi  tracritspsS  rcwsfls 
(Curv©  II). 

The  other  pattern  of  eagrsv&s^  ras&§  tins©  isrs-actigetoi 
(Assumption  2)  was  that  formed  by  #®4®023g  stss’S  ®f 
engraving  varying  mounts,  t^ss  asgai- 

tude  of  the  engraving  raslstsffise  i4s»ticsl  t&st  ssei 

for  ths  new  tube.  ®iis  typo  cf  psbfcosa  ©8tfld 

result,  for  example,  if  origin  ®£  v&Sl&sig  sqg  ameS&agad 
in  shape  by  erosion  bat  parogrussAts&y  ©Stmced  <Se®2  t&s 
bore.  I&dsr  this  aoas58Spt3.cn  e®gKa&?££iC^s  ^®ra 
with  (9-4  through  *9*9)  «a£  c^biisHt  |A*SLS  A»l?S 

orinping  reaistasa®  at  vasBi«®s  ®tg®s$  of  ^arcs&sra2 . 

results  of  these  eeaQGS&s&Lts®  wen  fa  S’lg®.  5  ea£i 

fhs  effect  eC  triag  aa  a  facetit®  v©l©©itjr 

of  thes  mssrisped  rooais  is  ^S^rtted  Is  Pig.  7  twa 
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assumption*  of  engraving  resistance  patterns .  This  plot 
indicate*  that  the  effect  of  crimp  may  be  largely  Influenc¬ 
ed  by  the  manner  in  which  tube  erosion  actually  takes 
place  in  a  moderetelv  worn  tube,  but  should  be  farily  pre¬ 
dictable  in  worn  tubes.  The  rapid  reversal  of  direction 
of  the  crimp  effect  under  Assumption  2  in  a  new  tube  pro- 
vides  a  strong  suggestion  that  thermal  expansion  may 
account  for  the  failure  to  observe  any  significant  crimp 
effect  in  actual  firings  in  new  tubes.  The  faot  that  the 
C'imp  can,  under  certain  conditions,  cause  a  substantial 
decrease  in  velocity,  whieh  had  previously  been  considered 
unlikely,  provides  a  means  of  explaining  the  occurrence 
of  this  apparent  anomaly  in  recent  firings  at  Aberdeen. 

These  results  indicate  that  the  linearity  of  crimp 
effect  with  respect  to  mussle  velocity,  which  is  so  desir¬ 
able  in  calibration,  very  likely  does  not  exist.  The  effect 
of  crimp  in  a  moderately  worn  tube,  using  any  particular 
reference  velooity  level  as  an  indication  of  tube  erosion, 
may  have  various  values,  depending  on  the  tube  temperature. 

The  fact  that  the  crimp  effect  ia  more  predictable  in  a 
worn  tube  will  be  mentioned  again  in  the  section  on  rifling 
design. 

Powder  Quickness 

The  linearity  of  the  effect  of  differences  in  powder 
quickness  ms  next  investigated  using  tbs  two  types  of 
engraving  resistance  patterns  described  in  the  preceding 
section.  This  mac  done  using  tbs  quiekra se  rod  velocity 
parents ra  far  ’fast*  ad  "slew*  ponders  previously  ssstioosd 
in  the  section  entitled  Stogxaving  Besistroee  Patterns . 

Since  the  new  and  worn  tube  velocities  for  rounds  laving 
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these  powders  had  been  computed  in  oonneotlon  with  the  This  Document 

aeotion  on  togreving  Resistance  Pattern#,  scoptrteti  cns  Reproduced  From 
for  tubee  of  intermediate  wear  only  were  repaired.  The  Best  Available  Copy 
two  assumed  engraving  resistance  pattern 8  differ  OTtly  fer 
tubes  of  intermediate  wear,  therefore,  ^e  nasw  sad  worn 
tube  computations  were  usable  under  either  assumption. 

The  results  of  all  ©caputatloES  esSg  far  this  ptsrpcsa 
are  included  in  Part  C  of  tfee  Summary  6f  cocEputeti ems, 
and  are  sham  graphically  in  Figure  8.  Hriafly, 

computations  consisted  of  determining  the  Telocity  level  f 

of  round 8  with  the  fast  and  slaw  powders  under  each  eff  thrta 

conditions  corresponding  to  tubes  of  inters® diata  wear  to  * 

addition  to  the  new  and  worn  tube  ©Deputations  previously 
conformed.  Two  of  the  intermediate  conditio®  w«r©  of  ■fee 

type  of  Assumption  1,  proceeding  section,  m&  om  was  of 
the  type  of  Assumption  2. 

Figure  8  indicates  the  of  foot  of  differmess  of 
powder  quickness  to  be  reasmably  linear  tinder  either 
assumption.  These  assumptions  are  believed  to  represent 
two  opposing  extremes  of  the  possible  patterns  ef  engrav¬ 
ing  resistance.  Thus,  although  proof  of  the  linearity  ie 
impossible  In  the  absence  of  more  exeat  ferns  ledgs  of  tfes 
engraving  resistance,  this  evidence  givas  oredenc®  to  the 
hypothesis  of  linearity  of  th®  powder  quickness  sffeot 
which  is  desired  to  asmraaition  calibration. 

Projectile  Weight 

The  estimation  of  the  change  of  sussls  velocity 
which  results  from  the  change  of  pro^otile  ®eS@ht  i@ 
frequently  desired  in  analysis  of  ballistic  data  and  to 
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as  shorn  above ,  da  crease  only  about  10  percent.  The  use 
of  a  constant  differential  coefficient,  regardless  of  tuba 
condition,  appears  to  be  entirely  reasonable ,  imssreda  as 
this  value  la  only  used  for  eaall  deviations  fron  atsadcrC 
conditions.  Aloe,  the  value  deduced  by  E&t  chooser's  EEstJhod 
is  intermediate  between  the  new  and  worn  tube  valtas,  ^ich 
is  ideal  if  a  constant  value  la  to  be  used* 


The  shell  weight  effect,  further,  asy  be  seen  to  bo 
linear  relative  to  the  change  of  velocity  produced  by  tub® 
wear,  if  the  effect  of  quickness  is  linear  in  this  Bssasnor. 
The  reduced  equation  contains  the  projectile  weight  only 
in  the  burning  rate  equation  (rage  16),  in  which  it  enter® 
as  one  of  the  factors  of  ths  quickness  tor®.  A  efeeage  in 
shell  weight  is  thus  related  to  a  change  in  quickness  aad 
is  linear  in  its  effect  if  the  quickness  effect  Is  linear. 

Rifling  Design 

Several  aspects  of  the  confutations  ay  already  b&v© 
suggested  to  the  reader  that  the  engraving  reals  ferae 
In  the  early  stages  of  prefect!  hs  travel  ©©count®  for  uany 
of  ths  variations  of  velocity  level  t a  asnsuni tlon .  All 
these  velocity  variations  contribute  to  the  inaecazuoy  of 
artillery  fire  sad  ere„  therefore,  most  undesirable  in 
service,  file  prlnery  goal  cf  ss®h  Ks*3gfceh  in  •feo  dsslgn, 
production  end  aca^acf  araanltisa  In  the  elisHcatien  of 
«*eae  velocity  mriatlc m  m 8  ttolr  A  y 

of  ^se  velocity  tulatl ome  stuping  tmm  aagzauli®  resist- 
mm  sheas  •@se 


is  ths  2*z^  Smp  £?  £?os  a 

to  a  worn  take  e®s5itlea,  eteteh  Is  indicated  to  be  at  Iocs'S 
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ballistic  design.  Thesa  differentials  ar®  ordinarily 
determined  ua  inc  a  aethcd  devised  by  Hit  chcocb'  ^ ^  which 
is  baaed  on  Bennett's  Tables.  This  esthod  gives  a 
differential  coefficient  stieh  excesses,  for  ersspla,  tho 
percentage  change  in  velocity  corresponding  to  csss  percent 
change  in  projectile  weight .  Thus,  although  the  original 
tables  do  not  aake  any  allowance  for  tbs  change  .of  the 
effect  of  weight  with  erosion,  if  the  ease  differential 
coefficient  is  used  for  s  new  and  a  warn  gen,  as  is  e«3- 
tomarily  dons  in  practice,  the  jroesd'«ar©  tacitly  ispli©@ 
that  the  differential  effect  is  proportional  to  the  velo¬ 
city  level. 

The  use  of  the  new  and  worn  tube  osgrsviBg  resist¬ 
ance  patterns  peraits  tfea  t®@tiz^  of  the  pro porSicaolity 
of  the  weight  effect  to  the  velocity  level.  Far  thin  pur¬ 
pose,  computations  were  Bade  with  the  shell  weight  iasrtttwsd 
by  10  percent  end  decreased  by  10  percent ,  with  both  mv 
and,  worn  tube  engraving  resistance  patterns  ( Faort  It-g^aEEeEvr 
of  Computations) .  A  comparison  of  dif?®r®ti®X  oosff 1© icstn 
obtained  in  this  raannsr  with  tSb®  one  do  terrains  3  by  EitofeooeS'*® 

method  follows; 

Hethod  of  Determination  differential  Cee  fficiont 

lew  Tube  Bagravlsg  Ifet tat®  -.55 

Worn  Tabs  Sigraviag  StettcsB  -.51 

Hitchcosfe  -.33 

The  computed  dlf  feresst  ials  daer®as©  fits  96  f/s  in  © 
new  tubo  to  79  f/a  is  a  worn  -teha,  a  <&«ag©  in  I3ss  Siffdar** 
eatiai  of  ©bout  20  percent.  Because  cf  tha  cprreepcsSizas 
deeroas©  of  msssle  voloeity,  the  differential  ce®ffiai®mt©s 
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two-third*  sttributHble  to  3 ops  of  «ng raving  rasistanoe. 
Thus,  if  •  tub*  could  b*  designed  *0  that  t ho  engraving 
resis tones  rsnained  constant,  at  least  near  the  start  of 
projectile  travel,  the  primary  cause  of  velocity  loss 
would  b*  eliminated . 

Next,  there  Is  th*  varla tl or\  of  volecity  oauaed  by 
difference*  of  crimp  which,  if  the  engraving  resistance 
were  constant,  would  continue  to  exist  but  would  then  be 
predictable  and  constant.  This  would  eliminate  tbs 
fluctuations  of  the  crisp  effect  which  appear  to  render 
ammunition  calibration  uncertain.  Similarly,  differences 
of  velocity  which  result  from  differences  of  powder 'quick¬ 
ness  would  be  constant,  aa  would  differences  accountable 
to  variations  of  rotating  band  seating.  These  constitute 
all  the  factors  which  cause  tho  calibration  of  si  aM®r®ii- 
tion  lot  to  vary,  banco  a  single  calibration  should  bo 
sufficient  to  specify  tbs  velocity  behavior  of  a  lot  cf 
aarraunition.  If  the  engraving  resistance  could  be  held  con¬ 
stant.  Even  core  desirable ,  aammitlcn  lets  otmkS  be  pro¬ 
duced  so  that  all  lota  would  have  the  ease  velocity  in  any 
one  weapon.  At  present ,  the  differences  of  velocity  be¬ 
tween  lots  are  largely  affected  by  the  weapon  u®od  «a<3  ite 
oonditlen  of  erosion,  team  rater  et o. 

!2»1«  naturally  to  tfes  ttsntion  of  the  feasi¬ 

bility  <£  pradu* lag  tubes  in  tfeieh  tte  m&nev ins  resist¬ 
ance  renaine  sows  tent  in  me  eriti  aal  region  near  the 
start  of  travel.  S$  ebvious  nay  to  @ehi@v©  this  is  to 
aibg  the  seagaavias  r&sistssie©  sore  cr  ooaziy  so  during 
t2£®  first  the  iaeben  of  travel,  a  proposal  of  ossentlaXiy 
mis  ©atsrs  Isas  been  previously  nado  by  the  suthsar,^"^ 

®ss  esyirleal  2at».  Ttet  only  altera® tlv©  sotted  of 
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maintaining  constant  engmvlng  resistance  n^®r  tPo  origin 
of  rifling  in  artillery  tubes  requires  th®  ua*  of  tube 
metal  which  is  neither  subject  to  erosion  fluring  firing 
nor  to  theraal  expansion.  The  forsar  set hod  la  the  cere 
reasonable. 

a 

A  rifling  design  which  -would  cause  the  engraving  to 
take  place  after  a  few  inches  of  projectile  travel,  as 
proposed  by  the  reference  eited  above,  is  quite  similar 
to  th®  rifling  which  exists  in  a  von  tub®  in  so  far  as 
engraving  resistance  la  cone  ©mad .  Two  issadiat©  objaetlcas 
to  such  a  design  are  apparent.  First,  shat  ring  of  the  Ro¬ 
tating  bands  and,  second,  low  bus  si©  velocity  occur  in  worn 
tubes.  It  is  these  things  which  eventually  render  a  nor® 
tube  unserviceable .  These  objections  tevo  been  countered 
in  the  proposed  design*  the  first  by  taa  us©  of  a  pro¬ 
gressive  twist  rifling  and  the  second  by  demonstrating  that, 
by  adding  powder,  full  service  velocity  say  be  attaiiad  with 
somewhat  less  chamber  pressure  than  result©  with  th©  jS*©E®32t 
rifling.  One  might  also  reasonably  ©rpset  to  attain  rsrvioo 
velocity  without  any  increase  in  ptwisr  <£23 rgs,  if  tSsls' 
were  desirable,  by  the  xsso  of  a  powder  cf  ssalior  wab. 

Two  other  results  of  t*fu  proposed  rifling  <9  esispi  my  ’ 
be  anticipated  from  its  analogy  to  th®  won  tube.  Ttee 
dispersion  of  velocity  -lthin  an  cBBamltlcci  lot  is  tew® 
to  be  smaller  In  a  woaca  90a®  tube  tfefsa  In  a  e©w  tubs® 

This  probably  ha  ppaadr  be  cause  of  the  ©Xisimti©!  cf 
effect  on  velocity  of  oorbaln  variables,  such  as  the  ro¬ 
tating  band  sea  ting,  with  the  deoreas#  ef^pn  graving  re¬ 
sistance  0  In  current  oaliteretico  firings  in  the  SOsm  ges, 
the  standard  deviation  ©?  velocity  wi-®iin  asssualtlon  lots 
is  only  4  f/a  in  eera  tubes  as  ®ifear©<S  with  ?  f/s  in-  £2ss 
tubes.  Another  •ssfiealxa&Le  peculiarity  of  th©  prassst  bs® 
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tubes,  the  conditioning  effect  of  oowder  of  one  chemical 
composition  on  subsequent  rounds  of  another  chemical  com" 
position,  disappears  in  worn  tubes.  This  conditioning 
effeot  causes  velooit.v  trends  of  as  much  as  30  f/s  with 
consequent  increase  of  velocity  dispersion.  Both  of  these 
effects,  which  are  discussed  and  docian-vited  in  the  report 
mentioned  above^^,  should,  in  a  tube  having  the  engraving 
delayed  f or  a  few  inches,  behave  in  much  the  same  manner 
ss  they  do  in  a  worn  tube.  These  are  decided  advantages 
to  be  expected  from  delaying  the  engraving. 


The  computations  undertaken  herein  provide  data  from 
which  the  proposed  rifling  deeign  mi^ht  be  modified.  Par 
example,  the  original  proposal  oalled  for  a  smooth  bora 
travel  (no  engraving  resistance^  for  a  distance  of  fixe  in¬ 
ches  followed  by  a  region  five  inches  in  length  in  which 
the  lands  gradually  assumed  full  height,  but  did  not  spiral. 
The  progressive  twist  began  after  an  additional  straight 
travel  of  five  inches.  The  results  shoki  in  Pig.  5  in¬ 
dicate  that  a  free  tun  of  less  than  that  originally  proposed, 
perhaps  one  and  one-half  inches  instead  of  five  inches, 
should  be  adequate  to  move  the  region  of  engraving  to  a 
position  at  idiieh  its  effeot  on  the  aussle  velocity  is 
small.  If  this  change  is  adopted,  the  twist  of  the  rifling 
could  be  modified  to  reduce  the  maximum  rotational  accel¬ 
eration  imparted  to  the  shell.  This  would  extend  the 
usable  life  of  the  tube,  in  so  far  as  failure  caused  by  the 
shearing  of  rotating  bands  is  e one erne d . 


A  preliminary  Investigation  of  the  behavior  of  suoh 
a  rifling  design  could  be  made  by  modifying  a  90am  tuba 
of  the  present  type  eo  as  to  approximate  the  proposed 
design.  The  existing  tabes  have  rifling  of  uniform  twist) 
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ho wever,  by  machining  one  of  those  tubes  so  &e  to  t£s& 

origin  of  rifling  forward  to  provide  <3®eir®<5  freo 
sad  then  tapering  the  width  of  the  lm&£  to  giv»  tte  effect 
of  a  pregnMlvo  twist  for  &  shert  dlstasse,,  tS® 
design  weald  be  appreslesateg,  Arrtag® -sat o  as®  ex?  feels® 
oedo  to  nodlfy  a  tube  in  tble  Esaa@r  at  &&&%$%%&  Wtov&L® 
Ground,  and  to  oeoduot  flaring  teste  t®  i^eetisst©  th@ 
velocity  behavior  of  various  typos  eS  Gaflaaalt&sa  ia  i^3 
modified  tube. 
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Conclusions 


The  magnitude  of  the  engraving  resistance  in  a  new 
90mm,  Ml,  tube  appears,  from  interior  ballistic  computa¬ 
tions.  to  correspond  to  7500  pel.  This  value  is  consistent 
with  the  limited  amount  of  experimental  data  available. 
Resistance  encountered  after  a  fairly  short  travel,  about 
1-1/2"  or  one  rotating  band  length,  has  only  a  small  effeot 
on  powder  combustion  and,  hence,  on  velocity. 

The  resistance  produced  by  the  engraving  of  the  forward 
half  of  the  rotating  b<md  has  much  more  effect  on  velooity 
than  that  produced  by  the  rear  half.  Por  this  reason,  de¬ 
sign,  production  and  inspection  of  rotating  bands  for 
artillery  shells  should  give  primary  consideration  to 
minimisation  of  dimensional  variations  on  the  forward  half 
of  the  band. 

The  variation  of  the  velocity  effeots  of  differences 
in  powder  quickness  relative  to  tube  erosion,  as  indicated 
by  the  velocity  of  a  reference  complete  round,  are  reason¬ 
ably  linear.  The  same  is  true  of  variations  of  projectile 
weight.  This  actually  was  only  shoim  to  hold  for  two  widely 
differing  types  of  engraving  resistance  patterns  but,  sine© 
these  s\ppear  to  represent  opposing  extremes,  the  conclusion 
seems  valid.  On  the  other  hand,  the  effect  of  cartridge 
case  crimp  mas  shown  to  be  remarkably  affected  by  the  en¬ 
graving  pattern  existing  in  Use  tube.  Under  one  assumption 
as  to  the  form  of  the  engraving  pattern,  the  effect  of  a 
difference  of  crimp  Is  distinctly  etasrval  inear.  Sigraving 
resistance  patterns  of  the  type  aesused,  In  the  above 
instance,  may  result  from  changes  of  tube  temperature. 
Therefore,  the  effeot  of  cartridge  ©as®  crisp  doee  not 
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appear  to  be  linear  relative  to  the  tube  erosion,  as  in¬ 
dicated  by  a  reference  round  velocity  level.  This  affect 
is  not  indicated  to  be  predlotable,  even  in  algebraic  sign, 
from  the  reference  velocity  level  exoept  in  ve;ry  ’trn  tuba*. 

Many  benefits  may  be  aohieved  by  elimination  of  en¬ 
graving  resistance,  or  by  causing  it  to  oe cur  after  the 
projeotile  has  travelled  a  short  distance.  Jtaong  these  are 
(1)  reduction  of  rat#  of  loss  of  velocity  caused  by  tube 
erosion  (2)  reduction  of  dispersion  of  velocity  within 
ammunition  lots  (3)  elimination  of  differences  of  velooity 
accountable  to  differences  of  rotating  bend  seating  between 
shell  lots  (4)  elimination  of  tube  conditioning  effeots 
on  velocity  and  (5)  elimination  of  the  ehange  in  relative 
velocity  level  which  accompanies  tube  erosion  in  firing 
rounds  containing  powder  r> f  differing  quickness*  The 
computations  made  in  this  report  have  provided  the  basis 
for  modifications  to  be  a&de  to  a  90mm,  Ml  tube  in  an 
attempt  to  realize  the  above  benefits. 
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